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Numerical modeling (Finite Difference Method
FDM)
Adriatic coastal slope
Vasto (Italy)This paper focuses on the possible role of sea-level change in triggering and controlling large coastal slope insta-
bilities, and focuses on the representative case study of the Vasto Landslide. The town of Vasto is 143 m a.s.l. and
sits atop an uplifted Quaternary regressive sequence widely outcropping along the Adriatic coast of central Italy.
The coastal slope is affected by large slope instabilities (e.g. “Vasto Landslide”) including evidence of present ac-
tivity. Well-documented historical disruptive events affected the town and the coastal slope in 1816, 1942 and
1956. Field evidence suggests that sea cliff retreat must have removed considerable volumes of rock before the
activation of the large slope failures. Thus, a geological-evolutionary model of the landslide is proposed here
that considers the landforms, geological evidence and borehole stratigraphy, as well as the combined effect of
Quaternary uplift and eustatic oscillations on the coastal slope. Signiﬁcant evolutionary steps were identiﬁed,
and a slope stability analysis was performed using a stress–strain numerical modeling solved by a Finite Differ-
ence Method (FDM) to analyze the following: 1) the landslide mechanism, 2) the type of activity, and 3) the cu-
mulative deformations that occurred during themorpho-evolutionary steps. Numerical modelingwas calibrated
by considering the present landforms aswell as the effects recorded during historical events. The results conﬁrm
that the Vasto Landslide was activated in the Middle Pleistocene (215 ka BP) as a consequence of wave-cut ero-
sion and progressive uplift of the coastal slope. Moreover, the landslide evolved as a retrogressive, single-styled
landslide comprising two major blocks. Using this framework, the historical events are interpreted as local re-
activations, due to meteorological factors, of the ancient rupture surfaces affecting the entire slope.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license .1. Introduction
This study is focused on large landslides affecting coastal areas as a
consequence of sea-level change inducing slope instability. Coastal slopes
exhibit a sharp response to the surface effects related to the coupling of
climate change and geodynamic evolution. Such a response is expressed
at a regional scale (corresponding to the scale of climatic and geodynamic
processes) even if the coastal slope instabilities strongly depend on the
local interaction between the geological setting and the morpho-
evolutionary processes. Over shorter time scales, the role of “impulsive”
actions becomes more effective and pronounced with respect to the
aforementioned regional processes, as in the case of volcano-tectonic
phenomena, seismic actions, extreme meteorological events andlla Seta),
asciamugnozza@uniroma1.it
. Open access under CC BY-NC-ND liceanthropogenic actions. Among these “impulsive” actions, volcano-
tectonic and seismic events are related to endogenous processes, mainly
clustered in tectonically active regions, whereas meteorological and an-
thropogenic actions can be ascribed to exogenous processes that are
moreworldwide in their operation. TheMediterranean region is particu-
larly exposed to all these actions: i) local eustatic sea-level oscillations,
which are more intense as a result of the physiography of the sea basin
(Lambeck and Purcell, 2005, and references therein); ii) recent and ongo-
ing geodynamic processes, which led to the Alpine-Himalayan, Apennine
and Betic-Maghrebide orogenies and were responsible for signiﬁcant to-
pographic responses, as well as to the related high seismicity and active
volcanism (Faccenna et al., 2004; Carminati et al., 2012, and references
therein), and iii) the effects of global change, as evidenced by the recent
increase of extreme meteorological events (Giorgi, 2006; Lionello et al.,
2006; Trigo et al., 2006; Gaertner et al., 2007; Sabatier et al., 2012).More-
over, enhanced urbanization and diffused cultural heritage expose this
area to both human impact and natural risk.
The Vasto Landslide case study (Adriatic Coast, central Italy) is
focused on the possible role of sea-level change in triggering and con-
trolling large coastal landslides, given that this well documented land-
slide includes: i) a large and active landslide affecting a coastal slope,
ii) an urban area hosting signiﬁcant cultural heritage, iii) considerable
rates of Quaternary sea-level oscillations, and iv) a pre-disposingnse .
Fig. 1. Aerial view of the Vasto coastal slope.
463M. Della Seta et al. / Geomorphology 201 (2013) 462–478geological setting. Moreover, a well-documented historical evolution of
the landslide provides important information for understanding the
landslide mechanism. In fact, previous studies have unraveled the his-
torical records of the Vasto Landslide activity as well as some of its
main geomorphological features (Crescenti et al., 1986; Guerricchio
and Melidoro, 1996; Fiorillo, 2003; Iadanza et al., 2009).
A more detailed geological survey conducted in the landslide area
indicated some uncertainties in the stratigraphic settlement of the
coastal slope that led to a review of the geological evolutionary model
of the slope. This revision provided new insights into the role of sea-
level change in triggering the landslide.
In this study we constructed a time history of the main evolutionary
steps of the landslide constrained by geological and geomorphological
ﬁeld evidence and previous proxies for regional uplift and eustatic
rates. This reconstruction was validated by a stress–strain numerical
model, which proved the reliability of the landslide mechanism and
provided a time constraint for the ﬁrst activation.
The ﬁndings from this study highlight the importance of a multidis-
ciplinary approach integrating geological, geomorphological and engi-
neering geological methods as proposed here.
2. Landslides affecting coastal areas
Landslide processes in coastal areas are commonly studied because
of the risk related to tsunami waves produced by paroxysmal
reactivations (Edwards, 2005). Such eventswidely characterize volcanic
islands whose slope instabilities are mainly related to fast and intense
changes due to volcanic activity (see the cases of Kilauea in Hawaii
Islands—Dufﬁeld et al., 1982; Hierro in the Canary Islands—Holcomb
and Searle, 1991; Fogo on Cape Verde Island—Day et al., 1999; Tenerife
in the Canary Islands—Hürlimann et al., 2004; Stromboli in the Eolian
Islands—Falsaperla et al., 2006; Cumbre Vieja in the Canary Islands—González et al., 2010). In addition, paroxysmal failures can involve
coastal slopes exposed to seismic events, as in the case of the 1783
earthquake-induced Scilla rockslide in southern Italy (Bozzano et al.,
2011; Mazzanti and Bozzano, 2011) or in the case of pre-historical
and historical slope instabilities on the northern and western ﬂanks of
Ischia Island in the Gulf of Naples (Chiocci and de Alteriis, 2006; de
Alteriis and Violante, 2009; Della Seta et al., 2012).
Other types of shoreline landslide processes that can evolve toward
paroxysmal collapse events are associated with the creep evolution of
rocky slopes as an effect of stress release, as in the case of theNorwegian
ﬁords (Blikra et al., 2005) or Lituya Bay in Alaska (Bornhold and
Thomson, 2012).
Despite the above-listed paroxysmal coastal collapses, many land-
slides involve shorelines and display continuous activity and interaction
with coastal erosion processes (mostly wave action, also favored by salt
weathering and water table oscillations). Related to this, numerous stud-
ies have evaluated the role of coastal erosion processes with respect to
large landslide evolution in coastal areas that affect unconsolidated de-
posits (e.g., clay, sand, conglomerate) or weak rocks (e.g., marl or sand-
stone). Such landslide processes are not prone to evolve toward
paroxysmal events, but they continuously involve the coastline by pro-
ducing a slow sliding of signiﬁcant slope volumes (i.e., up to approximate-
ly 100 m from the ground level). A particularly relevant event was
reported by Hutchinson (1991) regarding the St. Catherine's Point Land-
slide. This is an unstable slope affecting approximately 1 km of extended
coastal area on the Isle of Wight (England) whose highly complex evolu-
tion is characterizedby amultistage combinationof gravitational slope in-
stabilities and coastal erosion processes that isolated the present cliff
slope from the original landslidemass. A similar landslide has been affect-
ing a coastal area close to Bouffay, on the French Calvados coast, where a
rare “trench and ridge” slopemorphology resulting from coastal sliding is
characterized by an extended sub-planar sliding surface that is controlled
Fig. 2. Geological sketch of the Vasto coastal slope. 1—ﬁlling material (Present); 2—beach deposits (Present); 3—sandy-clayey palustrine deposits (Middle Pleistocene); 4—conglomerate
(Middle Pleistocene); 5—yellow sand (Lower Pleistocene); 6—silty-clay (Plio-Pleistocene) locally covered by eluvio-colluvial deposits; 7—borehole; 8—1816 landslide area; 9—1942–1956
landslide area; 10—bedding; 11—spring; 12—reef; 13—geological cross-section trace; 14—landslide surface trace: a) observed, b) inferred.
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(Hutchinson, 1988). Progressive failure mechanisms have commonly
been invoked for justifying such large coastal landslides as well as the
complex interactions between the groundwater table and sea level.
Such is the case for the slope instabilities affecting Warden Point in En-
gland (Dixon, 1991). Moreover, signiﬁcant interactions between large
coastal landslide movements and tidal levels were observed with the
Encombe Estate Landslide (Sandgate, Kent, England) by Palmer (1991),
which involved a monocline succession of clay and sandstone outcrop-
ping along an approximately 1 km coastal slope.
Many landslide events characterized by continuous activity have
also been documented in submarine slopes, as in the case of the Hum-
boldt Slide—a large and complex slide located on the northern California
continental margin (Gardner et al., 1999), as well as numerous subma-
rine landslides along the European margins of the Atlantic Ocean
(among which the Storegga, Trænadjupet and Andøya landslides are
on the Norwegian margin), whose triggering and pre-conditioning
mechanisms were signiﬁcantly controlled by glacial effects on marine
dynamics, at least from the Last Glacial Maximum (LGM) to the present
(Lee, 2009; Leynaud et al., 2009).
Based on the above studies, it is reasonable to assume that similar
landslide effects caused by marine dynamics can occur along coastal
slopes that have emerged but were submerged in the last
100,000 years due to changes in sea level. In other words, it is possible
that the instability landforms on such slopes cannot be completelyascribed to historical events. In this regard, the Quaternary climate var-
iability that affected the Adriatic Sea area in the Central Mediterranean
(Carbognin and Tosi, 2002; Silenzi et al., 2004; Piva et al., 2008), coupled
with the regional uplift that affected this area after the Apennine oro-
genesis (Bigi et al., 1995; Centamore and Nisio, 2003; Parlagreco et al.,
2011), can be regarded as triggering or controlling factors for the ﬁrst
activation of the large and well-documented slope instabilities distrib-
uted along the Adriatic coast from the town of Ancona to Vasto
(Crescenti et al., 1986; Guerricchio and Melidoro, 1996; Centamore
et al., 1997; Fiorillo, 2003; Iadanza et al., 2009).
In this regard, it was noted (Berndt et al., 2006) that on the Adriatic
shelf offshore of Ortona, there are undulating sub-parallel seismic re-
ﬂector sequences that extend several kilometers along-strike and
100–200 m down-dip at depths of 20 to 80 m, which resemble the sea-
ﬂoor sedimentary structures visible in the above-mentioned Humboldt
feature offshore California.
3. The Vasto coastal area
3.1. Geological setting
The Vasto Landslide area (Fig. 1) is located in the northern sector of
the Periadriatic Abruzzo-Molise zone, which represented the foreland
basin during the Apennine orogenesis (Bigi et al., 1995; Vezzani and
Ghisetti, 1998). The structural setting and the depositional features of
Fig. 3. Plio-Pleistocenemarine deposits outcropping on theVasto coastal slope. A) silty-clay (Plio-Pleistocene); B) yellow sand (Lower Pleistocene); C) conglomerate (Middle Pleistocene);
D) stratigraphic contact between yellow sand and conglomerate.
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as by glacio-eustatic variations (Cantalamessa et al., 1986, 1993; Ori
et al., 1991; Bigi et al., 1995, 1996; Farabollini and Nisio, 1996;
Centamore et al., 1997).
The Periadriatic foreland basin was generated during the lower Plio-
cene and evolved hosting three depositional sequences, with a total
thickness of approximately 3000 m, separated by twomain regional un-
conformities during the lower and middle Pliocene (Vezzani and
Ghisetti, 1998). The deposits related to the upper depositional sequence
(upper Pliocene–lower Pleistocene) represent the ﬁnal ﬁlling phase of
the foreland basin and consist of sediments gradually passing from
hemipelagic to coastal deposits (Casnedi et al., 1981; Antonioli and
Anselmi, 1986). A differential regional uplift induced a N-NE tilting of
these deposits responsible for theminor unconformities that aremainly
evident between the hemipelagic and coastal deposits (Bigi et al., 1995).
Along the Vasto Landslide slope, stiff Plio-Pleistocene silty-clays
widely outcrop, passing upward to yellow, poorly-cemented sand and
conglomerate that form the upper cliff portion of the eastern Vasto
coastal slope (Figs. 2, 3). The elevation of the silty-clay upper surface
(Fig. 3A) varies from 100 to 140 m a.s.l. The observed thickness of the
sands (Fig. 3B) is up to 80 m, whereas the conglomerate (Fig. 3C) has
a thickness that varies by several meters up to 20 m, increasing from
north to south. Sandy clay outcrops at the top of Vasto Hill are approx-
imately 10 m thick and consist of lacustrine deposits that ﬁlled local de-
pressions during the post-Calabrian marine regression.The sand and conglomerate deposits (Fig. 3D) host a local aquifer,
which is responsible for many small springs with a mean discharge
lower than 5 l/s (e.g., the historical Fonte Nuova spring to the SE of
the Vasto historical center) located along the contact with the silty
clays. A several meter-thick colluvium covers the outcropping silty-
clay, and debris and talus deposits are generally accumulated at the bot-
tom of the cliff slope.
As for the structural setting of the area, Pliocene NW–SE to N–S-
trending buried thrusts have been identiﬁed along with Quaternary
normal faults mainly oriented NW–SE, SW–NE and N–S (Ambrosetti
et al., 1983).
According to the Database of Individual Seismogenic Sources (DISS
3.1.1—INGV, 2010), toward the W-NW, the Vasto area is approximately
70 km northward from the seismogenetic sources of Tocco da Casauria
(ITIS094—Mw 6.0), Sulmona Basin (ITIS027—Mw 6.4) and Aremogna—
CinqueMiglia (ITIS003—Mw6.4),whereas southward it is approximately
50 km from the Ripabottoni-S. Severo compound seismogenetic source
(ITCS003—Mw 6.7) related to the Mattinata main fault-line (the same
fault-line associated with the October 31 and November 1, 2002,
mainshocks of the Molise seismic sequence). Based on the Italian
macroseismic database (DBMI11—INGV, 2011), the maximum seismic
intensity felt at Vasto was VII MCS, which was related to the 1627
Gargano earthquake. In addition, themaximumexpected Peak of Ground
Acceleration (PGA) with a return time of 475 yrs is in the range of 0.07–
0.1 g (INGV-DPC S1-Project, web site: https:\\esse1.mi.ingv.it).
Fig. 4.Damage produced by the 1956 landslide event. The landslide caused the rupture (A) and the collapse (B) of the Poste Building as well as the destruction of the S. Pietro Church (C)
Presently, only the portal of the old church is preserved (D).
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The Vasto coastal slope developed on the eastern Abruzzo piedmont
(D'Alessandro et al., 2003; Della Seta et al., 2008), whose hilly landscape
was strongly inﬂuenced by the uplift-induced NNE homoclinal dipping
of the Plio-Pleistocene deposits andby Quaternary faulting. The drainage
systemdissected the surface of the sandy-conglomeratic deposits (Parea,
1986), in a continental environment, and generated N–S alignments of
the morphotectonic ﬁeld evidence and N–S, E–Wand NW–SE preferen-
tial stream orientations (Della Seta, 2004). The coastal morphology is di-
rectly connected to the elevation above sea level of the boundary
between silty-clay and sandy-conglomeratic layers, giving rise to alter-
nating coastal plains and high coast reaches that are characterized by
rocky sea cliffs (D'Alessandro and Genevois, 2001; D'Alessandro et al.,
2003). The high coast reaches of eastern Abruzzo are widely affected
by slope instability on both active and inactive sea cliffs, the ﬁrst being
mainly affected by wave-cut erosion and the latter inﬂuenced by heavy
rainfall and changes of pore pressure (Cancelli et al., 1984; Esu and
Grisolia, 1991; Guerricchio et al., 1996; D'Alessandro and Genevois,
2001; Fiorillo, 2003; Iadanza et al., 2009).According to the wavemeter records, the most frequent and highest
waves come from the NW and NE, with the majority of signiﬁcant
waves (height N 0.5 m) higher than 2 m and the strongest waves,
3.5–6 m high, with a probability of occurrence of about 5% (GNRAC,
2006). Nonetheless, the littoral currents display complex dynamics
mostly inﬂuenced by the near-shore morphology (GNRAC, 2006).
Climate data from the Hydrological Year Books indicate that Vasto
has the typical character of a coastal climate on the central Adriatic re-
gion. The mean annual rainfall is 680 mm/y, which is considerably
below thenational average (970 mm/y). Rainfall is concentratedmainly
in the fall and winter seasons (224 mm/y and 208 mm/y of mean sea-
sonal rainfall, respectively), and the spring and summer seasons are rel-
atively drier (146 mm/y and 100 mm/y of mean seasonal rainfall,
respectively). Themean annual temperature is 14 °C, and theminimum
monthly temperature ranges from 3 °C (January) to 18 °C (July–August),
whereas themaximummonthly temperature ranges from 9 °C (January)
to 28 °C (July–August). Snowfalls are quite frequent and are concentrated
exclusively in the winter and spring seasons, sometimes producing
ground-resting snow for tens of consecutive days, which is frequently
followed by quick melt, especially in the spring season.
Fig. 5. Plan and perspective view of the 1956 major landslide crown traced on historical photographs pre-dating the catastrophic event.
467M. Della Seta et al. / Geomorphology 201 (2013) 462–4784. The Vasto Landslide
4.1. Historical records
Very well-documented historical landslide events affected the
Vasto coastal slope in 1816, 1942 and 1956, with deformations locallyFig. 6. Seasonal rainfall, snowfall and snow resting days (average values per year) recorded a
regione.abruzzo.it/xIdrograﬁco/index.asp).reaching the near offshore (Guerricchio andMelidoro, 1996; Melidoro
and Mezzabbotta, 1996). Most of these events were triggered by
heavy rainfalls or snowmelt and all seriously damaged the town.
The 1816 landslide event occurred on April 1 and involved the
S. Maria district of the town, from the S. Michele Church (Vasto histori-
cal center) to the Vasto Marina beach. Based on the historical reportst the Vasto meteorological station. Data from the Hydrological Year Books (http://www.
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tense rainfall and snowfall (up to 1 m-thick the day before the landslide
event) which rapidly melted just before the landslide trigger1; ii) pro-
duced widespread ground cracks in the upper portion of the slope,
back-tilted terraces, ejection of water and bulging along the adjacent
shoreline (signiﬁcant damage was caused to buildings, roads, walls
and monuments in the historical town); and iii) displacements lasted
many hours.
In winter 1942, a new landslide event affected the Vasto coastal
slope from the “Lame” district to the coast, destroyingpart of the ancient
town wall and damaging the main road (the s.s. Adriatica) and part of
the railway. Poorly detailed reports of this event are justiﬁed by the con-
temporaneous Second World War, but it is reported that during this
event, the ground cracks reached the apse of the S. Pietro Church,
which was destroyed during the following reactivation in 1956 (Fig. 4).
On February 22 1956, the last historical landslide event affected the
same area involved in the 1942 event (Fiore, 1956).Many ground cracks
reached the Poste building, causing its collapse (Fig. 4), and the S. Pietro
Church, which was subsequently demolished because of the incurred
major damage. The major displacements lasted 3–4 h, and minor
slope instabilities were observed during the entire 1956 spring–
summer season. Thewidth of the reactivated crown areawas of approx-
imately 350 m, and the retreatwas approximately 50 m (Fig. 5). The es-
timated height of the newly generated scarp was approximately 15 m.
Although intense rainfalls and snowfalls were reported before the land-
slide occurrence, in this case, no detailed information was given about
the snowmelt rate immediately before the landslide trigger.
As shown in Fig. 6, it is noteworthy that 1942 was an anomalously
heavy rainy year (approximately 1000 mm/y), whereas 1956was char-
acterized by the highest values of snow ground-resting days, both in the
winter (21 days) and spring (11 days) seasons. This evidence conﬁrms
the role ofmeteorological factors in the triggering of the historical land-
slide events.
No casualties were caused by the above-described historical events
due to: i) the relatively low velocity of the landslide movement, and
ii) the clear precursor signals of the landslide failure that allowed the in-
habitants to evacuate the buildings (as in the case of the 1953 S. Pietro
district evacuation).Fig. 7. Surface evidence of the Vasto Landslide after ﬁeld surveys andmultitemporal aerial
photo interpretation. A) slope instability landforms after the 1942 event; B) slope instabil-
ity landforms after the 1956 event. 1—major landslide scarp; 2—minor landslide scarp; 3—
downcutting channel; 4—counterslope; 5—trench; 6—landslide terrace; 7—spring.4.2. Geomorphological features of the Vasto Landslide
Surface evidence of the Vasto Landslide has been mapped with ﬁeld
surveys and multi-temporal aerial photo interpretations using the fol-
lowing ﬂight paths: “Volo Italia 1989” (nominal scale of 1:70,000),
“Volo S.A.R.A. 1965 and 1972” (nominal scale of approximately 1:5000
and 1:10,000, respectively) and “Volo RAF 1943” (nominal scale of ap-
proximately 1:10,000). Two maps of the instability landforms have
been produced (Fig. 7), the ﬁrst one representing the slope immediately
after the 1942 event and the secondoneupdated to the period following
the last 1956 event.
The morphodynamics of the Vasto coastal slope, as indicated by this
multi-temporal analysis, outlined that: 1) the area affected by the 1816
event is still affected by general instability; 2) the re-activation of the
1942 landslide event produced a new crown and new landslide
counterslope terraces (at 98 m, 81.5 m, 54 m and 40 m a.s.l.); 3) the1 “Finiva il piovosissimo Marzo del 1816 con inopinato nevazzo, che nella notte
susseguita al dì 29 coprì per l'altezza di palmi quattro il Vastese territorio, e delle fruttifere
piante la incominciata ﬁoritura distrusse. Prestamente l'infocato raggio solare le nevi
disciolse, onde al declinare del dì 31 quasi compiutamente erasi scoperta la faccia della ter-
ra. Sereno il giorno vegnente si annunziava dalle scintillanti stelle; e tal surse il primo di
Aprile, ma per rischiarare un teatro di ruine”. In: Marchesani, 1938. “On 1816 the rainy
Marchwas ending and a snow fall occurred on 29th covering for about 1 meter the Vasto town
area and its countryside in ﬂower. Rapidly the sun melt the fallen snow so that on 31st the
snow-cover almost disappeared. No clouds were in the following night and on 1st of April
the damages due to the earth slide were clearly visible” (translation by the Authors of the
original manuscipt by Marchesani, 1938)drainage network has been entrenching as a response to the emplace-
ment of the landslide mass, and this dissection is likely to amplify the
slope instability due to undermining; and 4) small secondary scarps and
tension cracks are indicative of the present activity of the landslide mass.
More importantly, some of the surface landforms present spatial
continuity across the areas affected by the landslide events in 1816
and 1942–1956, in particular: 1) the scarp at approximately 70–
80 m a.s.l., and 2) some older terraces upslope from this scarp, which
did not change their shape over the entire investigated time span
(Fig. 7).
Fig. 8. Geological sections across the Vasto coastal slope. See Fig. 2 for trace location. 1—sandy-clay palustrine deposits (Middle Pleistocene); 2—conglomerate (Middle Pleistocene); 3—yellow
sand (Lower Pleistocene); 4—silty-clay (Plio-Pleistocene) locally covered by eluvio-colluvial deposits.
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fected by larger and most likely deeper slope instability, which should
be considered along with the historical events. For this reason, an engi-
neering geology model is proposed here that accounts for the present
landforms and the ﬁeld geological evidence aswell as the borehole stra-
tigraphy of the coastal slope.4.3. Engineering geology model
The engineering geology model of the Vasto Landslide slope is
presented in the approximately WE-oriented geological cross-sections
of Fig. 8. The cross-sections obtained reach the shoreline from the
Vasto town historical center (section AA′), the S. Maria district (section
BB′) and the Colle Sorrisi hill (section CC′), respectively. Based on the his-
torical reports, the Vasto Landslide reactivations are documented along
section AA′ in 1942 and 1956 and along sections BB′ and CC′ in 1816.
The geological cross-sections were reconstructed by using both geo-
logical ﬁeld evidence and borehole log data. These data were collected
from technical reports available in the town of Vasto. These sections in-
dicate that: i) the sliding surface is up to 100 m deep b.g.l., ii) the land-
slides involved the whole outcropping depositional sequence (i.e., fromTable 1
Geomechanical parameters used for the stress–strain numericalmodeling.γn—naturalweight o
water content; wLL—liquid limit; wLP—plastic limit; PI—plasticity index; Ic—consistency index;
tensile strength; cUU—undrained cohesion; k—permeability.
γn γs γd wn wLL wLP P
kN/m3 kN/m3 kN/m3 % % % %
Sandy-clay 19.0 27.8 16.5 22.5 52.5 22.5 3
Sand and
Conglomerate
18.8 27.2 15.5 21.4 n/a n/a nsilty-clay to conglomerate), and iii) themaximum length of the landslide
(measured from the crown area to the tip) is approximately 700 m.
The resulting landslide mechanism is roto-translational character-
ized by multiple rupture surfaces that generate secondary scarps,
which are, for the most part, located in the upper portion of the slope
(within 400 m from the actual main scarp). The 40 m-high upper
main scarp is associatedwith dislodgement of the geological contact be-
tween the sands and silty-clays up to 20 m; this scarp delimits a ﬁrst
block of the landslide mass, corresponding to the upper main terrace
(approximately 200 m wide), which was dislodged up to 10 m by
many secondary scarps. A second 20 m-high main scarp is located
downslope approximately 400 m from the shoreline at an elevation be-
tween 60 and 80 m a.s.l.; this scarp delimits another large terrace (up to
150 m wide) and presents a relevant lateral continuity along the Vasto
Landslide slope.
The geological continuity of the sand and conglomerate dislodged by
the secondary scarps corresponds to the hydraulic contact and transfer
of the shallow groundwater ﬂow (due to the inﬁltration waters) ap-
proximately 150 m downslope of the upper main scarp.
The geomechanical characterization of the lithological units in-
volved in the landslide mechanism was performed based on the results
of data reported in the literature (Esu and Martinetti, 1965; Cancelli,f unit volume;γs—solidweight of unit volume; γd—dryweight of unit volume;wn—natural
IA—mineralogical activity; ϕ—friction angle; ϕ′—residual friction angle; c—cohesion; σt—
I Ic IA ϕ ϕ′ c σt cUU k
(°) (°) MPa MPa Pa m/s
0.0 0.94 1.10 25.0 20.0 0.20 0.43 0.26 10−5
/a n/a n/a 35.0 32.0 1.0 0.45 n/a n/a
Fig. 9. Laboratory-derived shear (G) and Bulk (K) modulus vs. conﬁning pressure (σ3)
curves for the silty-clay and for the sand and conglomerate outcropping at Vasto Landslide
area.
470 M. Della Seta et al. / Geomorphology 201 (2013) 462–4781977; Coleselli and Colosimo, 1977; Buccolini et al., 1994; Guerricchio
andMelidoro, 1996) as well as on the results of laboratory tests of sam-
ples obtained during tunnels and main road construction and slope-
stabilization interventions. The sample data are from technical reports
available in the Municipality of Vasto.
Based on all the collected data, two lithotechnical units were distin-
guished: silty-clay and sandy-conglomerate. Table 1 summarizes the
physical and mechanical properties here attributed to the two
lithotechnical units; the curves in Fig. 9 report the shear and Bulk mod-
ulus vs. the conﬁning pressure, as deduced using the collected laborato-
ry data for both the silty-clay and sandy-conglomerate.
5. Evolutionary model
The observed landforms suggest that the roto-translational mecha-
nism involves the entire slope (from the town of Vasto to the shoreline),
as shown by the historical documents as well as by the reconstructed
geological sections. Moreover, the ﬁeld evidence indicates (Fig. 7): i) a
clear lateral continuity of some important landforms, such as terraces
and scarps located in themiddle sector of the coastal slope; ii) the pres-
ence of adjacent large historical landslide masses; and iii) instabilityconditions involving the 1 km coastal sector northward from the Mari-
na di Vasto beach.
Despite this evidence, an anomalous outcrop of back-tilted cemented
conglomerate along the shoreline (Fig. 10A, B) was also observed. This
cannot be explained by either the local stratigraphic setting (a few de-
grees NE-dipping monoclinal sequence) or by the present landslide
mechanisms, including rock falls from the summit cliff of the town of
Vasto. The conglomerate produced a sea cliff with associated reefs, local-
ly interrupted by pocket beaches, along the approximately 3-km shore-
line northward from the Marina di Vasto beach (Fig. 10C). In addition,
the conglomerate is missing in the middle portion of the coastal slope
(between 20 and 80 m a.s.l.) where the Plio-Pleistocene silty-clays
crop out.
The evidence concerning the conglomerate distribution suggests the
following: i) an original prolongation of the conglomerate layers at least
up to the actual shoreline, ii) erosional processes responsible for the re-
moval of large volumeof sand and conglomerate along the coastal slope,
and iii) rotational sliding capable of back-tilting and preserving the con-
glomerate outcrops along the coast.
To examine such events, a sequential evolution of the coastal slope
(i.e., a series of discrete steps and events) was reconstructed, starting
from approximately 250 ka BP (the age of the most recent marine de-
posit; Coli et al., 2000), by taking into account the combined effects of
the regional uplift and the eustatic sea-level oscillations.
The regional tectonic uplift rates for the study area, available from
the literature, clearly exhibit decreasing values fromMiddle Pleistocene
to Holocene. In particular, 0.3–0.5 mm/y was estimated as the average
rate since the Middle Pleistocene, 0.13 mm/y since the Upper Pleisto-
cene and 0.01 mm/y since the Holocene (Bigi et al., 1995; Centamore
and Nisio, 2003; Parlagreco et al., 2011). Based on the oxygen isotope
timescale, many global eustatic curves have been proposed (Chappell
and Shackleton, 1986; Rohling et al., 1998; Shackleton, 2000; Lea
et al., 2002; Waelbroeck et al., 2002; Siddall et al., 2003; Bintanja et al.,
2005). As these curves were constructed using different and indepen-
dent techniques, they present differences both in the age and height
of the high- and low-stand peaks, although they share major trends.
For the purpose of the present work, we referred to the global eustat-
ic curve (Fig. 11A) updated for the last 500 ka by Bintanja et al.
(2005). To reconstruct the elevation of the ancient shorelines (EAS)
with respect to the present sea level, we considered two possible
combinations: 1) uplift (U) during sea-level highstand (SLH; Fig. 11B)
and 2) uplift (U) during sea-level lowstand (SLL; Fig. 11C). As the com-
puted elevations (Fig. 11A) were higher (up to 71 m) than the present
sea level until 215 ka, they strengthen the assumption that part of the
removal of the sand and conglomerate layers occurred as an effect of
the sea cliff retreat. Nonetheless, the maximum obtained shoreline ele-
vation does not alone justify the actual position of the summit Vasto
scarp. To explain the conglomerate outcrops on the present shoreline,
a rotational sliding would have to have occurred between two consecu-
tive sea-level highstands such that the sands and conglomerates
contained in the landslide mass were not completely removed.
Starting from approximately 240 ka, the following slope evolution-
ary steps (see Fig. 12) were identiﬁed:
Step 1 Sea-level highstand 240 ka: the computed EAS is +52 m. This
elevation is consistent with a complete removal of the sand
and conglomerate layers at lower elevations up to the present
sea level caused by sea cliff retreat during the sea-level rise.
Step 2 Sea-level lowstand 225 ka: the computed EAS is+4 m. This sea-
level drop is consistent with a rotational landslide with a failure
surface cutting sand and conglomerate layers aswell as silty clay.
The top width of the sand and conglomerate layers involved in
the sliding should be approximately 50 m to justify the preser-
vation of the conglomerate along the actual shoreline.
Step 3 Sea-level highstand 215 ka: the computed EAS is +71 m. This
sea-level rise is consistent with the removal of most of the
Fig. 10. Conglomerate outcropping along the present Vasto coastline. A) detail of the blocks fallen from the sea cliff; B) panoramic viewof the conglomerate coastal outcrop; C) plan viewof
the conglomerate distribution along the coastline.
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sea cliff approximately 200 m ahead of the present summit
Vasto scarp. This sea cliff lies between 70 and 80 m a.s.l. and cor-
responds to one of the major and continuous scarps recognized
in the middle portion of the coastal slope. During the sea-level
rise, only part of the previous coastal landslide was removed,
thus isolating a remnant of sand and conglomerate layers in cor-
respondence with the present shoreline. We calculated the sea
cliff retreat rate during this 10 ka sea-level rise period, which
is equal to approximately 3.5 cm/y. This value is consistent
with the historical retreat rates calculated for the coastal sector
between Ortona and Vasto (D'Alessandro and Genevois, 2001).
Steps 4–7 The shoreline oscillates from −85 m (140 ka) to +21 m
(125 ka Tyrrhenian stage) to −119.8 m (18 ka Würm stage)
to 0 m (present). These oscillations currently do not involve
the above paleo-sea cliff. Nonetheless, the upper slope face
above this paleo-sea cliff is involved in the roto-translational
Vasto Landslide according to the reconstructed geological sec-
tions. Based on this evidence, it is likely that the Vasto Landslide
is responsible for the ﬁnal position of the summit scarp from the
paleo-sea cliff.This evolutionary model, even if consistent withmost of the geolog-
ical and geomorphological evidence along the entire Vasto slope (see
the geological sections of Fig. 8), does not constrain the initial activation
of the Vasto Landslide. To provide insights into this unsolved point,
stress–strain numerical modeling was performed by reproducing the
above-described evolutionary steps until the veriﬁcation of the unstable
conditions of the Vasto coastal slope.
6. Numerical modeling
6.1. Vasto Landslide triggering
The evolution of the slope involved in the Vasto Landslide was
modeled via a FDM (Finite Difference Method) stress–strain numerical
analysis, performed using FLAC 7.0 (ITASCA, 2011) which adopts an ex-
plicit iterative time-stepping solution for providing large deformation
stress–strain outputs. This code has been used widely in geotechnicaland engineering geology applications for many decades. Sequential
modeling was conducted to simulate the key steps of the slope evolu-
tion as they were reconstructed according to the above-discussed geo-
logical and geomorphological evidence.
In particular, the numerical modelingwas implemented along section
AA′ of Fig. 8, as this section is the best constrained by 6 boreholes andﬁeld
surveys. The sectionwas reproduced by a 5 × 5 m square grid composed
of approximately 30,700 grid cells. An elastic-perfectly plastic behavior
(i.e. elastic behavior at low deformations and perfectly plastic behavior
at high deformations) was assumed for all the considered lithologies,
according to the Mohr–Coulomb constitutive law. The values attributed
to the geomechanical parameters are reported in Table 1, and the stiffness
parameters were considered as a function of depth according to the
curves reported in Fig. 9 for both the elastic and the elastic–plastic modu-
lus (deﬁned according to Bozzano et al., 2008).
The numerical modeling aimed to justify the ﬁrst activation of the
landslide as a combined effect of eustatic oscillations, regional tectonic
uplift and erosion processes related to the geomorphological coastal
evolution. In this regard, the above-described evolutionary steps were
modeled by discretizing step 3 into regularly spaced sub-steps every
23 m of sea-level rise (Fig. 12).
Tomodel theﬂuctuations of the sea level, an almost horizontalwater
table was assumedwithin the slope, according to the Ghyben–Herzberg
equation (Verruijt, 1968) and given that a negligible hydraulic gradient
can be assumed within the clay bedrock based on the geological evi-
dence. Moreover, saturated conditions of the high-consistency clay
were assumed both above and below the water table. The submerged
conditions were assumed below the water table as negligible seepage
was considered within the clay at the present sea level. When plasticity
conditions were reached, residual strength parameters and elastic–
plastic modulus values were automatically attributed by FLAC to the
clays, leading to the generation of sliding surfaces.
The numericalmodeling (Fig. 13) solved the stress–strain conditions
of the slope by taking into account the reduced effective stresses in the
submerged volume of the slope at each morpho-evolutionary step. Re-
sults indicate that the Vasto Landslide was triggered during the rise of
the sea level up to +71 m above the present (215 ka), since instability
conditions occur in this stage as a ﬁnal evolution of a progressive fail-
ure process (Potts et al., 1997). The sliding surfaces originated at
Fig. 11. Elevation of the ancient shorelines (EAS) reconstructed since the ﬁrst emerging phase of the coastal area (started 250 ka BP). The global eustatic curve updated for the last 500 ka
wasused as reference (A) (modiﬁed after Bintanja et al., 2005). The EASwas calculated by combining the uplift rates (UR)with the sea level positions,with twopossible cases: uplift during
sea-level highstand (B); uplift during sea-level lowstand (C). MIS—Marine Isotopic Stage; LGM—Last Glacial Maximum.
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erosion and sea-level rise. These sliding surfaces presented a unique
landslide mass dislodged in two main blocks (approximately 200 m
wide).
The results of the comparison between the plasticity state (i.e. the
reached strain level) at the landslide triggering and the present slope
shape (Fig. 14) indicate that the two block surfaces ﬁt with the main
counterslope terraces located uphill. Because the triggering occurred
at the highest paleo-shoreline (i.e., 71 m above the present sea level)
the lack of sands and conglomerates at elevations lower than 80 m
above the present seal level can be regarded as an effect of the erosion
due to the sea-level rise.
The x-displacement values resulting from the sequential modeling
at different depths (i.e., below and within the landslide mass) and
along the seven monitored vertical scan lines (Fig. 15) demonstrate
that both the main terraces originated during step 3 and that thecounterslope movements were produced by the following sea-level os-
cillations (Fig. 16), i.e., during steps 4 to 7 (140 ka to present). These
movements are responsible for the formation of the secondary scarp
that dislodged the upper landslide terrace, as outlined both in the sur-
face map of the Vasto Landslide and in the geological cross-sections of
Figs. 7 and 8, respectively.
6.2. 1816 historical reactivation
The reactivation of the Vasto Landslide that occurred in 1816 was
also back-analyzed using FDM stress–strain numerical modeling.
This event can be considered as representative of the last historical
reactivation that occurred on February 22, 1956. The 1816 event is
particularly well constrained due to documental sources that report
that the landslide movement occurred after the rapid melting of the
1 m-thick snow cover, which involved the whole Vasto Landslide
Fig. 12. Sequential steps illustrating the evolution of the Vasto Landslide slope from 140 ka to the present; 1) sand and conglomerate; 2) clay; 3) sliding surface.
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Fig. 13. Plasticization resulting from the stress–strain numerical modeling along the Vasto Landslide slope during the sea-level rise (steps 3a, b and c of Fig. 12) up to the 215 ka BP
highstand (+71 m a.s.l.).
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curred during the night of March 29, 1816. The snowfall followed a
two-month-long rainy period, so the landslidemass was likely complete-
ly saturated when the snowmelting occurred. Based on the observations
reported in the historical documents, section B–B′ was used for the nu-
merical modeling to back-analyze the 1816 Vasto Landslide reactivation.
The section was reproduced by a 3 × 3 m square grid composed of ap-
proximately 24,000 grid cells. The same constitutive law and
geomechanical parameter values were used for modeling of section BB′
(Fig. 8). Moreover, pre-existing sliding surfaces were included in thisFig. 14. Comparison between the plasticization resulting from the stress–strain numerical mod
geological cross-section along the trace AA′ of Fig. 8; 1) sand and conglomerate; 2) clay; 3) grimodeling by attributing residual strength and stiffness parameter values
(Table 1). To back-analyze the snowmelt trigger, it was assumed
that the water, due to the rapid snowmelt, ﬁlled the pre-existing dis-
continuities corresponding to the landslide sliding surfaces. The
snow volume per unitary depth computed for a 1 m-high snow
cover was simulated as a water column within the sliding surfaces
to produce a static stress distribution. After the application of this
stress distribution, the entire uphill portion of the Vasto Landslide
mass (i.e., above 60 m from the present sea level) moved down-
slope with x-displacements of up to tens of centimeters (Fig. 17).eling during the step 3 of Fig. 12 and the rupture surfaces derived from the engineering-
d nodes at yield; 4) sliding surface; 5) retrogressive sliding surface.
Fig. 15. Key map indicating the location of the points monitored in the stress–strain numerical model; 1) sand and conglomerate; 2) clay; 3) retrogressive sliding surface (1956
event); 4) sliding surface.
Fig. 16. Horizontal displacements (x-disp) vs. sequential steps indicated by the stress–strain numerical modeling in the monitored points of Fig. 15.
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Fig. 17. Contour of the horizontal displacements (x-disp) indicated by the stress–strain numerical back analysis of the 1816 historical re-activation of the Vasto Landslide.
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Landslide (e.g., the events that occurred in 1816, 1942 and 1956) in-
volved the pre-existing landslide mass inducing the main instability
along the crown area, thus affecting and damaging monuments and
buildings in the town of Vasto.
7. Overview of related hazards
This study highlights the role of coastal evolution in inducing
large landslide processes affecting wide coastal slopes. As coastal
areas generally host urban settlements and man-made infrastruc-
ture, this condition pre-disposes such populations to a high risk re-
lated to the landslide displacements and also the possible effects
induced by the interactions of the landslides with the sea (as in the
case of tsunami waves).
This study demonstrates that the dynamics affecting the coastal
slopes can result from a complex coupling of tectonic processes, such
as regional uplift and glacio-eustasy, as they produce a time variation
of the shoreline elevation with respect to the actual sea-level position.
The Vasto Landslide case study analysis indicates that disequilibrium
conditions can occur due to the erosion processes related to marine in-
gression and to the alternating submersion and emersion phases of the
coastal slope.
Two different types of gravity-induced instabilities can be distin-
guished in this regard: i) local and short-term instabilities, which are
related to the shoreline cliff retreat associated with the genesis of a
submerged slope landform, and ii) large and long-term instabilities,
which are related to regional tectonics as well as to variation in
shoreline height and are likely responsible for landslides affecting
extended coastal areas, that modify and involve the landforms gen-
erated by the local and short-term processes. As a consequence, evi-
dence of marine terraces can be erased not only due to lithological
factors (e.g., clay outcrops on coastal slopes) but also due to the su-
perimposition of landslide masses as well as the original shape of
the submerged slope. The ﬁnal effect can be the presence of relict
landforms such as ancient landslide masses or simply relicts of ter-
raced surfaces that help reconstruct the paleo-morphology and the
ancient location of the shoreline (Fig. 7).
In many cases, such effects have involved historical settlements,
as documented in numerous archaeological sites in the Mediterra-
nean area, justifying their reconstruction in apparently anomalous
locations and making their retrieval more problematic (Shackleton
et al., 1984).
Concerning risk assessment, the pre-historic evolution of the coastal
slopes can signiﬁcantly control the present hazard conditions, as the
mechanism, the activity distribution and the style of activity of the land-
slide were re-directed by the interaction with the shoreline morphologi-
cal dynamics. In this regard, the Vasto Landslide case study demonstrates
that the single and compound mechanism occurred at the landslideactivation and represented the maximum intensity event, i.e., the subse-
quent re-activations involved an already destabilized slope.
Since interactions between coastal erosion dynamics and gravita-
tional processes presently do not exist, destabilizing actions such as
meteorological events or earthquakes can be invoked to justify possible
re-activations. Nevertheless, no historical reports exist on seismically-
induced re-activations of the Vasto Landslide from 1000 AD to the
present (Fortunato et al., 2012).8. Conclusions
The Vasto Landslide affects an extended area of the Adriatic coast in
Southern Abruzzo (Italy) and is the result of a complex mechanism in-
volving pre-historical landslide events characterized by roto-
translational mechanisms. This pre-historical landslide was re-activated
in 1816, 1942 and 1956 by intense rainfall and by rapid snow melting.
The engineering geology and morpho-evolutionary modeling of the
coastal slope, combined with a numerical stress–strain analysis, demon-
strated the combined role of regional uplift and glacio-eustasy in trigger-
ing the landslide.
This study indicates that the Vasto Landslide was ﬁrst triggered by
the culmination of the sea-level highstand at 215 ka and with a single
compound roto-translational mechanism. The landslide mass was orig-
inally composed of two main blocks and evolved toward the present
multistage setting due to the dislodgment of the uphill block by second-
ary scarps as well as the retreat of the main summit scarp. These re-
activations can be related to impulsive actions, such as historically doc-
umented intense rainfall and snow melt, or to earthquakes.
The Vasto case study can be regarded as representative of many
large landslides distributed along the southern Adriatic coast (including
the Ancona and Petacciato Landslides) that affect densely populated
urban areas with a large amount of man-made infrastructure.
Moreover, the explored Pleistocene–Holocene evolutionary model
of the Vasto coastal slope can be regarded as a dynamic scenario that
is typical of many coasts in the Mediterranean area and, accordingly,
leads to a more constrained evaluation of the related hazards.Acknowledgments
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